1. The incorporation of uniformly-labelled [lPC]glucose into fatty acids and glycogen of adipose tissue and liver was used to assess the effects of zinc deficiency on glucose metabolism in meal-fed rats.
There is evidence that zinc deficiency in the rat reduces glucose tolerance (Quarterman et al. 1966; Hendricks & Mahoney, 1972; Roth ef al. 1975 ). However, Quarterman & Florence (1 972) showed that glucose tolerance is not affected by Zn deficiency when feeding patterns and food intake are equalized between groups. Quarterman (1969) showed that glucose uptake and utilization are impaired in adipose tissue of Zn-deficient rats when compared with pair-fed controls. These results are open to question since pair-fed control rats tend to become meal-eaters and the method of meal-feeding, which is similar to pair-feeding, has been shown to cause an enhancement of glucose utilization in adipose tissue of rats (Leveille, 1967) . The present report describes the effects of Zn deficiency on glucose metabolism in the rat when identical feeding regimens are used for both deficient and control groups. The series of experiments presented in the present paper used the meal-feeding regimen described by Leveille (1 967) . The incorporation of uniformly-labelled [14C]glucose into fatty acids and glycogen of adipose tissue and liver was used to assess the effects of this feeding regimen on glucose metabolism in the Zn-deficient rat. In both experiments, all rats were fasted for 22 h between 10.00 and 08.00 hours, after which each was given intragastrically a 20 mmol dose of glucose containing 20 pCi [U-14C]glucose/kg body-weight (Palmquist et al. 1977) . Rats in Expt 1 were decapitated 3 h after dosing while rats in Expt 2 were killed at intervals between 0 and 3 h to study the time-course of glucose-carbon incorporation into fatty acids and glycogen. Both epididymal fat pads and one lobe of liver from each rat were frozen immediately on dry ice and kept at -20' until analysed. Blood was collected from the trunk and serum was harvested and frozen.
Adipose tissue and liver were homogenized in water (1 : 1, w/v) in a ground-glass homogenizer. Appropriate portions of the homogenate were saponified in 2 M-potassium hydroxide in ethanol (500 ml/l) in sealed tubes at 100' for 4 h. Non-saponifiable lipids were removed by three successive extractions with 1 vol. light petroleum (b.p. 30-60' ) . Samples were acidified to pH 2 by drop-wise addition of sulphuric acid (600 ml/l) and the free fatty acids removed by extracting three times with light petroleum. Light-petroleum fractions were combined, washed with 0.3 vol. water, transferred to tared test-tubes and evaporated to dryness with a stream of air. Samples were dried in vacuu at 50' for 4 h and weighed to the nearest mg. The residue was dissolved in a toluene-based scintillation fluid containing ethanol (100 ml/l) and assayed for 14C.
Glycogen was isolated from liver by the method of Van Handel (1965) . 14C incorporated into glycogen was determined by dissolving portions of isolated glycogen in 3a70b scintillation cocktail (Research Products, Inc. Morton Grove, Illinois) and counting.
Glucose in serum was determined by the glucose oxidase (EC 1 . 1 .3.4) method (Sigma Chemical Co., St Louis, Missouri), and free fatty acids in serum were determined by the method of Laurel1 & Tibbling (1967) .
The results of the glucose metabolism studies were expressed in pmol [U-14C]glucose incorporated into fatty acids or glycogen per g wet tissue weight and per g product or both. Disintegrations per min values were converted to molar equivalents of glucose based on the specific activity of glucose administered (ODea & Puls, 1979) . It was assumed that the entire molecule of [U-14C]glucose would be incorporated into glycogen but only two-thirds of it into fatty acids. 3 Average daily gain in body-weight during last 6 d of the 21 d feeding period.
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"9 b, c, Different superscript letters between treatment group means indicate significant differences (P < 0.05).
Statistical analysis of data in Expt 1 was done by the general linear model procedures and the method of least squares was used to determine differences between group means (Goodnight & Sall, 1979) . When variances between groups were not homogeneous the analysis was performed on transformed data ( Yt = log,, Y ) . Untransformed means with their original standard errors were tabulated. The t distribution was used to make inferences about means in the second experiment. Similar results were found in a duplicate set of experiments but only one set is reported here.
RESULTS

Expt 1
Rats given the diet low in Zn showed typical growth failure whether they were meal-fed or had access to food continuously (Table 2) . Furthermore, rats meal-fed the adequate-Zn diet did not gain at the maximal rate even though they were adapted to meal-feeding. During the last 6 d of the trial the Zn-deficient, meal-fed rats ate the same amount of feed on a per kg body-weight basis as the meal-fed controls but actually lost weight. Rats given the low-Zn diet ad lib. did not gain weight during this period.
The dramatic effects of meal-feeding on the incorporation of labelled glucose into fatty acids of adipose tissue are shown in Fig. 1 . Rats meal-fed diets containing adequate Zn incorporated 120 times more label into fatty acids on a per g tissue basis than those given the same diet ad lib. On the other hand, Zn-deficient, meal-fed rats incorporated much less 14C into the fatty acids of this tissue. Zn deficiency had no effect when rats were fed ad lib.
Even though rats meal-fed a diet adequate in Zn had only 2.5 times more epididymal tissue than meal-fed, Zn-deficient rats, their capacity to incorporate glucose into fatty acids was eight times greater ( Table 3) . Rats given the Zn-supplemented diet ad lib. had three times more epididymal adipose tissue than the meal-fed group but had significantly less total 14C incorporated into total tissue fatty acids. Leveille (1967) showed that liver was a major site of adaptation to meal-feeding. Our experiments also demonstrated this phenomenon although when expressed per unit tissue the response was not as large as found in adipose tissue (Fig. 2) . Rats meal-fed diets with an adequate level of Zn incorporated ten times more glucose-C into liver fatty acids on a per g liver basis than did ad lib.-fed rats. Compared with adipose tissue the livers of Zn-deficient rats adapted well to meal-feeding; they incorporated 70% as much glucose into fatty acids as the livers of rats meal-fed a Zn-adequate diet. Ad lib. feeding of the Zn-deficient diet caused a two-fold increase in glucose incorporation by the liver compared with ad lib.-fed controls. The fatty acid pool size in the liver of the Zn-deficient, ad lib.-fed rats was half that of the ad fib.-fed controls while the amount of label per g of fatty acids was five times greater ( Table 4 ). The reason for this large difference is not obvious but an increased rate of turnover of fatty acids by the liver of the Zn-deficient rats is suggested. Zn deficiency also decreased the concentration of liver fatty acids in meal-fed rats while the amount of 14C incorporated per unit fatty acid remained the same (Table 4) .
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There was no significant difference in total liver weights between meal-fed Zn-adequate and Zn-deficient rats but the livers of the Zn-adequate group incorporated one and a half times as much of the [14C]glucose into total fatty acids as the deficient group (Table 3) . In available at https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19830053
Glucose metabolism in Zn-deficient ruts contrast, Zn-deficient, ad lib.-fed rats had significantly smaller livers than the group receiving adequate Zn but incorporated a significantly higher amount of the [14C]glucose. This also could be accounted for if the rate of turnover of fatty acids in liver of Zn-deficient rats were higher. The effects of Zn deficiency and meal-feeding on glucose incorporation into glycogen of liver and adipose tissue were less definitive than the effects on its incorporation into fatty acids, but the results are noteworthy (Table 4) . Meal-feeding the adequate-Zn diet increased glucose incorporation into glycogen of adipose tissue, but decreased its incorporation into liver glycogen by a factor of approximately thirteen. In this experiment, Zn-deficiency caused an insignificantly higher incorporation of glucose into liver glycogen of meal-fed rats. There was a significant effect of Zn-deficiency in Expt 2 of the present report. Zn deficiency had no effect on liver glycogen in ad lib.-fed rats.
Serum glucose was determined 3 h after administration of glucose and the only significant difference was a slightly higher level in the Zn-deficient, meal-fed group (Table 5) . Free fatty acid levels in serum were not affected by either meal-feeding or Zn status. These results are at variance with those reported by Quarterman & Florence (1972) who found a two-fold increase in plasma free fatty acidsin adlib.-fed, Zn-deficient rats when compared with pair-fed controls, which would tend to be meal-eaters. Their rats had been fasted, while in the present experiment rats were fasted overnight and refed glucose before fatty acid analysis was done.
Expt 2
The results of this experiment, designed to determine the effects of Zn deficiency on the time-course of glucose metabolism of meal-fed rats, are shown in Fig. 3 . At 60 min the accumulation of 14C-labelled glucose in fatty acids of epididymal fat pads of Zn-deficient, meal-fed rats was greatly decreased compared with controls (Fig. 3A) . The amount of total fatty acids was not different between the treated and control groups. This resulted in a decreased incorporation of [14C]glucose per g fatty acid (values not shown). This finding indicates that either glucose was not entering the fat cells or that it was quickly metabolized after entry. Studies in the authors' laboratory with isolated fat cells from Zn-deficient rats showed that W O , production was reduced in proportion to 14C-labelled fatty acid synthesized, suggesting that glucose did not enter the cell to an appreciable extent (P. G. Reeves & B. L. O'Dell, unpublished results). between means at each time period indicate a significant difference (P < 0.05).
Period after dosing (min)
The livers of the Zn-deficient, meal-fed rats, on the other hand, rapidly accumulated 14C-labelled fatty acids (Fig. 3 B) . At 30 min the level was six times greater than that in the controls D U~ oy YU mm tne level nau oegun LO urop. inis irenu cuniiiiuw iriiuug~i IOU I I I I I~ resulting in a significantly lower incorporation at this time by the Zn-deficient group. The fatty acid level did not change in either group over this period but the amount expressed as 14C-labelled glucose incorporated per g fatty acid followed the same time-course as the amount expressed per g liver (Fig. 3C) . This finding suggests that the turnover rate of fatty acids was significantly increased in this tissue.
Glycogen metabolism in liver was also affected by Zn deficiency. Zn-deficient, meal-fed rats accumulated twice as much 14C-labelled glucose into glycogen in liver as the meal-fed controls (Fig. 4) . These results and those representing fatty acid incorporation suggest that glucose entry into the liver cells of Zn-deficient rats was not as impaired as it appeared to be in fat cells.
The effect of Zn deficiency on glucose absorption was determined by excising the entire intestinal tract at 90 min and measuring the glucose content in the gut lumen. The amount of glucose remaining at this time showed that Zn-adequate rats absorbed 13 % more glucose than the Zn-deficient ones (Table 6 ). It is unlikely that this would be enough to account for the large differences in label incorporation into fat tissue. There was no effect of Zn deficiency on the level of serum glucose at any time (values not shown).
Zn deficiency did not affect the amount of glucose absorbed per g intestine but decreased the rate of absorption based on body-weight. This suggests that the absorptive area in the intestine of Zn-deficient rats was less than that of controls (Table 6 ). Table 6 . Expt 2. The effect of zinc deficiency on glucose absorption in meal-fed rats 
DISCUSSION
The present study clearly showed that metabolic adaptation to meal-feeding in the rat was markedly affected by Zn deficiency. The response of the meal-fed control rat was manifested by a greater than 120-fold increase in the incorporation of an intragastric dose of [14C]glucose into adipose tissue fatty acids while the Zn-deficient rats responded with only a fourteen-fold increase when compared with ad lib.-fed controls. The differences between these groups with respect to 14C incorporation into liver fatty acids was much less dramatic. In addition, the Zn-deficient, meal-fed rats had an increased capacity to incorporate glucose into glycogen in liver when compared with the meal-fed controls. The different effects of Zn deficiency on glucose metabolism in liver and fat cells may be related to the difference in the effect of insulin on glucose uptake and metabolism in these tissues. Fat cells require insulin for the uptake of glucose; therefore, if this process were hindered by Zn deficiency the tissue would not adapt to meal-feeding and the incorporation of glucose into fatty acids would be decreased. Liver cells, on the other hand, do not require insulin for glucose uptake (Renold et al. 1955; Cahill et al. 1958) , nor is insulin required by the liver cells for stimulation of glycogen synthase (EC 2 . 4 . 1 . 1 1) activity by glucose (Mulmed et al. 1979) . Therefore, the uptake of glucose into liver tissue would not be affected by the deficiency and the adaptation response most likely would remain intact.
The detrimental effect of Zn deficiency on the uptake and subsequent utilization of glucose by adipose tissue could be brought about in two ways. First, there could be a direct effect on binding of insulin to the plasma membrane; second, there could be an indirect effect of reduced circulating levels of insulin caused by inhibition of its release from the pancreas. The latter is in doubt because of the questionable effect that Zn deficiency has on insulin secretion. Some reports suggest that the deficiency reduces insulin secretion (Huber & Gershoff, 1973; Roth & Kirchgessner, 1979) and others found no effect (Roth & Kirchgessner, 1975; Brown et al. 1975) . These conflicting results could be due to the effects that different feeding regimens have on insulin secretion. It has been shown that the pancreas of the fasted rat secretes less insulin than that of the fed rat (Mulmed et al. 1979) and that secretion in meal-fed rats is greater than in ad lib.-fed rats when stimulated by glucose (Wiley & Leveille, 1970 ). It appears, therefore, that the level of plasma insulin in the Zn-deficient rat may depend greatly on the eating regimen at the time of the test. Roth & Kirchgessner (1979) carefully controlled feed intake, time of fasting and frequency of feeding and attempted to show that Zn-deficient rats had lower insulin secretion than controls. However, the results were inconsistent and the large variations within groups made it difficult to draw definite conclusions. Brown et al. (1975) showed that the plasma insulin levels ofrats given a Zn-deficient diet for as long as 50 d were the same as those in pair-weighed controls. It is our conclusion that insulin synthesis and secretion do not adequately explain the effects of Zn deficiency on glucose metabolism in the rat.
Studies have shown that the effect of Zn deficiency on glucose metabolism in adipose tissue is consistent with the hypothesis that the effect occurs at the cellular level. It has been shown that slices of fat pads from Zn-deficient rats incorporate less glucose-C into fatty acids and CO, than those from pair-fed or meal-fed controls respectively (Quarterman, 1969; P. G. Reeves & B. L. O'Dell, unpublished results) . This occurred even in the presence of excess insulin. Quarterman (1969) also found that the addition of Zn to fat pad preparations from Zn-deficient rats restored glucose uptake. We have been unable to show a restorative effect with physiological levels of Zn.
Even though glucose uptake into liver may not be affected by Zn through its possible effect on insulin activity, the conversion of glucose to fatty acids and glycogen in liver is altered by Zn deficiency. A time study showed that the peak of incorporation of an intragastric dose of glucose into fatty acids occurred between 30 and 60min but had declined significantly by 180 min. When a similar dose was given to Zn-adequate, meal-fed rats the peak of incorporation occurred at or after 180 min. It appears that the deficiency caused a more rapid turnover of fatty acids, in this tissue. At the same time, glycogen synthesis in the Zn-deficient rat was increased significantly above the controls. This increase probably was not the result of lower levels of liver glycogen in the Zn-deficient rats before glucose intubation. It was shown recently that fasted-refed Zn-deficient rats adapt by increasing their capacity to synthesize glycogen two-fold over similar, fed controls, even though the initial level of liver glycogen was not significantly different between groups (P. G. Reeves & B. L. O'Dell, unpublished results). The biochemical basis of increased glycogen synthesis in Zn deficiency is unknown but may be the result of increased glycogen synthase activity.
The metabolism of glucose in Zn-deficient rats has been difficult to study because Zn deficiency reduces feed intake. It is well-known that alterations in feed intake alone can cause dramatic effects on glucose metabolism. The present study has shown some effects of Zn deficiency on glucose metabolism that may be independent of a feeding effect. The incorporation of the single daily meal into the feeding regimen of both the treated and control groups appears to be a useful approach to the study of glucose metabolism in the Zn-deficient rat.
